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Reduction on Expression of Genes Regulating Cortisol 
Metabolism in Fetal Baboon Adipose and Liver Tissues 
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Maternal nutrient reduction (MNR) during fetal development may 
predispose offspring to chronic disease later in life. Increased 
regeneration of active glucocorticoids by lip-hydroxysteroid de- 
hydrogenase type 1 (lip-HSDl) in metabolic tissues is fundamen- 
tal to the developmental programming of metabolic syndrome, but 
underlying mechanisms are unknown. Hexose-6-phosphate dehy- 
drogenase (H6PD) generates NADPH, the cofactor for lip-HSDl 
reductase activity. CCAAT/enhancer binding proteins (C/EBPs) 
and the glucocorticoid receptor (GR) regulate llp-HSDl ex- 
pression. We hypothesize that MNR increases expression of fetal 
C/EBPs, GR, and H6PD, thereby increasing expression of 
llp-HSDl and reductase activity in fetal liver and adipose tissues. 
Pregnant MNR baboons ate 70% of what controls ate from 0.16 to 
0.9 gestation (term, 184 days). Cortisol levels in maternal and 
fetal circulations increased in MNR pregnancies at 0.9 gestation. 
MNR increased expression of lip-HSDl; H6PD; C/EBPa, -p, -7; 
and GR in female but not male perirenal adipose tissue and in 
male but not female liver at 0.9 gestation. Local Cortisol level and 
its targets PEPCKl and PPAR7 increased correspondingly in ad- 
ipose and liver tissues. C/EBPa and GR were found to be bound 
to the lip-HSDl promoter. In conclusion, sex- and tissue-specific 
increases of lip-HSDl, H6PD, GR, and C/EBPs may contribute to 
sexual dimorphism in the programming of exaggerated Cortisol 
regeneration in liver and adipose tissues and offsprings' suscep- 
tibility to metabolic syndrome. Diabetes 62:1175-1185, 2013 




Although central obesity, genetic susceptibility, 
aging, sedentary lifestyle, and stress are recog- 
nized as important contributing factors to de- 
velopment of diabetes and metabolic syndrome, 
it is now understood that an adverse intrauterine envi- 
ronment resulting from poor maternal nutrition, stress, or 
overexposure to glucocorticoids can lead to develop- 
mental programming of these conditions in later life (1). 
Maternal nutrient reduction (MNR) affects a significant 
portion of the population in the developing world, but it is 
much less an issue in developed countries where maternal 
smoking, pregnancy-induced hypertension, and placental 
insufficiency or other placental pathologies may all result 
in restriction of intrauterine growth restriction. To survive 
these adverse conditions, the fetus has to make adaptive 
alterations in the expression patterns of genes involved in 
glucose and insulin metabolism. Permanent changes to 
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these genes may predispose the fetus to the development 
of metabolic syndrome in later life, an adaptation often 
referred to as the "thrifty phenotype hypothesis" (2-7). 

Excess Cortisol is associated with metabolic syndrome 
(8). Increased glucocorticoid activity in these tissues also 
is proposed as a key mechanism underlying the devel- 
opmental programming of metabolic syndrome (9). In- 
creased expression of glucocorticoid receptor (GR) 
expression is observed in hepatic, renal, and adipose tis- 
sues after developmental programming in several animal 
species (9,10), although other reports indicate no change 
(11). Although circulating levels of glucocorticoids are not 
changed in patients with obesity and metabolic syndrome 
(12,13), increased local regeneration of biologically active 
glucocorticoids by ll|3-hydroxysteroid dehydrogenase 
type 1 (lip-HSDl) in the major metabolic tissues has 
been suggested to play a pivotal role in the pathogeneses 
of metabolic syndrome (14). The reductase activity of 
lip-HSDl regenerates Cortisol (humans)/corticosterone 
(rodents) from their biologically inactive metabolites 
cortisone/1 1-dehydrocorticosterone, thus amplifying the 
actions of glucocorticoids (15). Such local hypercortisolism 
is believed to cause metabolic and other complications in 
metabolic syndrome (8,16,17). A key role for lip-HSDl in 
metabolic syndrome is supported by findings that lip- 
HSDl"^" mice are protected from developing metabolic 
syndrome (18,19), whereas selective overexpression of 
llp-HSDl in adipose or liver tissue, the two major tissues 
expressing lip-HSDl in the body, leads to a metabolic 
syndrome phenotype (20,21). MNR has been shown to 
cause a persistent increase in lip-HSDl expression in the 
visceral adipose or liver tissues in a number of animal 
models (9,22). However, evidence of overexpression of 
lip-HSDl in developing fetal liver and adipose tissue in 
response to the challenge of MNR in the fetal primate is 
lacking, although a persistent postnatal increase of lip- 
HSDl expression was observed in the liver and sub- 
cutaneous adipose tissues in the common marmoset after 
prenatal exposure to dexamethasone (23). Because the 
baboon shares 96% genomic homology with humans (24), 
characterizing the effect of MNR on lip-HSDl expression 
in the liver and adipose tissues in a fetal primate model 
would improve understanding of human development and 
aid translation of developmental programming during hu- 
man development. 

Despite considerable evidence of a role for lip-HSDl in 
the pathogenesis of developmental programming of meta- 
bolic syndrome, the mechanism that increases lip-HSDl 
expression during developmental challenges is unknown. 
lip-HSDl is among the target genes that are regulated by 
the CCAAT/enhancer binding proteins (C/EBPs) and GR 
(25,26). We hypothesize that the challenge of nutrient re- 
striction to the developing fetus results in a persistent 
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increase of C/EBP and GR expression in the major glu- 
cocorticoid-sensitive tissues, such as liver and fat, and as 
a consequence, downstream genes including 11|3-HSD1 are 
up-regulated, leading to a feed-forward production of 
Cortisol and expression of glucocorticoid-target genes in 
these cells. lip-HSDl is a bidirectional enzyme capable of 
both reductase and oxidase activity (15). The reductase 
activity of 11|3-HSD1 regenerating cortisol/corticosterone 
depends on the availability of the cofactor NADPH, derived 
from the enzymatic activity of hexose-6-phosphate de- 
hydrogenase (H6PD) (27). Thus parallel increases of H6PD 
and lip-HSDl may be a prerequisite for the reductase ac- 
tivity of llp-HSDl. 

To address these hypotheses, we studied the effect of 
70% maternal ad libitum food intake from 0.16 gestation 
(term, 184 days) to 0.9 gestation on the expression of 11(3- 
HSDl, H6PD, GR, and C/EBP, which are central to the 
peripheral generation of Cortisol in fetal adipose tissue, as 
well as the mineralocorticoid receptor (MR) that may also 
mediate the effects of Cortisol (28) and its targets phos- 
phoenolpyruvate carboxykinase 1 (PEPCKl) and peroxi- 
some proliferator-activated receptor 7 (PPAR7), which are 
essential for hepatic energy metabolism and adipocyte 
differentiation (29,30). 

RESEARCH DESIGN AND METHODS 

Animal care. Baboon (Papio species) singleton pregnancies were studied at 
the Southwest National Primate Research Center at the Texas Biomedical 
Research Institute. Healthy female baboons with similar body weights (10-15 
kg) were randomly assigned to one of two outdoor group cages and were 
maintained in social groups of 10-16 with a vasectomized male. At the end of 
the acclimation period (30 days), a fertile male was placed in each breeding 
cage. Pregnancy was dated initially by timing of ovulation and changes in sex 
skin color and was confirmed at 30 days of gestation (term, —184 days) by 
ultrasonography. Details about housing have been published elsewhere (31). 



All procedures were approved by the University of Texas Health Science 
Center and the Texas Biomedical Research Institute Institutional Animal Care 
and Use Committees and was performed in facilities approved by the Centers 
for Disease Control and Prevention, and the Association for Assessment and 
Accreditation of Laboratory Animal Care. 

Study design. The animals were individually fed between either 0700 and 0900 h 
or 1100 and 1300 h, as described in detail elsewhere (31). At feeding time, all 
baboons exited their group cage and passed along a chute into individual feeding 
cages. Water was available continuously in each feeding cage and the animals 
were fed Purina Monkey Diet 5038 (Purina, St. Louis, MO). At the start of the 
feeding period, control baboons, which were fed ad libitum, were given 60 bis- 
cuits in their individual cage feeding tray. At the end of the 2-h feeding period, 
the remaining biscuits were counted. From 0.16 gestation, 13 mothers were in 
a group fed 70% of the control diet on a per kilogram basis. Food consumption of 
the animals and their weight and health status were recorded daily. Fetuses were 
delivered at 0.9 gestation by caesarean sections under general anesthesia, as 
previously described (32). After hysterectomy, the umbilical cord was identified 
and elevated to the surgical opening to exsanguinate the fetus while still under 
general anesthesia This method is approved by the American Veterinary Medical 
Association. Previous study has demonstrated fewer tissue artifacts after ex- 
sanguination than after administration of euthanasia solutions (33). Maternal 
and fetal blood was collected from the femoral artery and umbilical vein, re- 
spectively. Postoperative maternal analgesia was provided (buprenorphine hy- 
drochloride, 0.015 mg • kg~^ • day~^) for 3 days. 

Morphometric measurements, including fetal weight, length, and waist and 
hip circumferences, were performed. After complete pathological evaluation 
and recording the liver weight, the right lobe of the liver and perirenal adipose 
tissue were dissected. The perirenal adipose tissue was collected as repre- 
sentative of visceral adipose tissue because this fat compartment represents the 
majority of total fetal fat stores. It should be noted that the perirenal adipose 
tissue in most mammals, including humans, has been reported to contain 
varying amount of brown adipose tissue, particularly in the early stage of life 
(34). 

Cortisol assay. Cortisol was measured in fetal liver and adipose tissues as well 
as maternal and fetal plasma using an enzyme immunoassay (Cayman, MI) after 
homogenization and extraction with ethyl acetate. 

Quantitative real-time PCR. Total RNA was isolated from the homogenized 
fetal liver and perirenal adipose tissues using the RNeasy Mini Kit (QIAGEN, 
Valencia, CA). After reverse transcription, the cDNA was used for subsequent 
measurement of 11(3-HSD1; H6PD; C/EBPa, -(3, -8; GR; MR; PEPCKl; and PPAR7 



TABLE 1 

Primers used for mRNA measurement with qRT-PCR and for ChlP assay 



Genes 


Primer sequences 


Accession no. 


Product sizes 
(base pairs) 


Primers used for mRNA measurement with qRT-PCR 


, F: 5'CTCAACCACATCACCAACAC3' _ ^ „ , , 

BBMHHHBMBBMiMMBB^ r: btctgatggaggagaagaaccs' ■■HHHHIH 


H6PD 


F: 5'CTGCAGCACGTCCGGATCCC3' 
R: 5'TGGCGCGGTTGATGAGAGGC3' 


NM_004285.3 


298 


C/EBPa 


F: 5'GCCGGGAGAACTCTAACTCCCCC3' 
R: 5'AGGCGCTGATGTCGATGGACG3' 


NM_004364.3 


221 


C/EBPp 


F: 5'GCACCCGCGTTCATGCAAC3' 

R: 5'AGCAGTCCGCCTCGTAGTAGAAG3' 


NM_005194.2 


117 


C/EBP8 


F: 5TGCGGAGCCTGCGCCCTTCTA3' 
R: 5'GATGGCGCTCTCGTCGTCGTAC3' 


NM_005195.3 


123 


PPARy 


F: 5'TCAGTGGAGACCGCCCAGGT3' 
R: 5'CCTGCAGGAGCGGGTGAAGAC3' 


NM_138712.3 


233 


PEPCKl 


F: 5'CGACGGGGGCGTTTACTGGG3' 


NM_002591.3 


110 

i 


GR 


F: 5'GCTGGAATGAACCTGGAAGCTCG3' 
R: 5'TGCAATCACTTGCCGCCCTCC3' 


NM_001204261.1 


270 




F: 5'TGCATGACCTGGTGAGCGACC3' 












18SRNA 


F: 5'GTAACCCGTTGAACCCCATT3' 
R: 5'CCATCCAATCGGTAGTAGCG3' 


NR_003286.2 


150 








M 


lip-HSDl promoter 


F: 5'CAGTCCTGTACAGTCATGAGCTTG3' 
R: 5'GTGCTAGCCAATTTCCCTGTCA3' 


NC_000001.10 


160 



F, forward; R, reverse. 
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mRNA levels with quantitative real-time PGR (qRT-PCR). The absolute mRNA 
levels in each sample were calculated according to a standard curve set up using 
serial dilutions of known amounts of specific templates against corresponding 
cycle threshold values. To control for sampling errors, qRT-PCR for the 
housekeeping gene 18S RNA was performed on each sample. The ratio of the 
target genes to 18S RNA in each sample was obtained to normalize the ex- 
pression of the target gene. The primers used for PCR are illustrated in Table 1. 
Western blotting. Total protein from fetal liver and perirenal adipose tissues 
was extracted in RIPA lysis buffer (Millipore, Billerica, MA) containing 1:1,000 
protease cocktail (Sigma, St. Louis, MO) and phosphatase inhibitor (Active 
Motif, Carlsbad, CA). Protein samples (35 fxg) were electrophoresed on 4-20% 
Tris-hydrogen chloride gels and electroblotted onto 0.45-fxm nitrocellulose 
membranes (BioRad, Hercules, CA). After blocking with nonfat milk, the 
blotted membranes were incubated with primary antibodies overnight at 4°C. 
The primary antibody information is as follows: 1:500 11(3-HSD1 (Cayman); 
1:1,000 H6PD (Abgent, San Diego, CA); 1:1,000 C/EBPa (Cell Signaling, 
Danvers, MA); 1:500 C/EBP(3 (Santa Cruz Biotechnology, Santa Cruz, CA); 
1:500 C/EBP8 (Santa Cruz Biotechnology); 1:500 GR (Santa Cruz Bio- 
technology); 1:500 MR (Santa Cruz Biotechnology); 1:5,000 PPAR7 (Santa 
Cruz Biotechnology); 1:2,000 PEPCKl (Abeam, Cambridge, MA); 1:5,000 
GADPH (Sigma); or 1:5,000 (3-actin (Sigma). After washing, a secondary 
horseradish peroxidase-conjugated antibody was applied. Specific protein 
bands were developed using Immobilon Western Chemiluminescent HRP 
Substrate (Millipore) and visualized using a G Box iChemi Chemiluminescence 
image capture system (SynGene, Cambridge, UK). The ratio of band intensities 
of target protein to the housekeeping genes ^-actin in the liver or GAPDH in 
the adipose was obtained. The expression level of fi-actin or GAPDH in the 
liver or adipose tissue did not differ between the experimental groups or by sex. 
Chromatin immunoprecipitation. Chromatin immunoprecipitation (ChlP) 
assay was conducted to examine the binding of C/EBPa, GR, and MR to the 
11(3-HSD1 promoter, using a kit from Upstate Biotechnology (Millipore). The 
frozen chopped liver and adipose tissue were fixed with 1% formaldehyde on 
ice to cross-link the proteins bound to the chromatin DNA. After washing, the 
tissue was homogenized and the chromatin DNA was sheared by sonication to 
produce DNA fragments of around 500-1,000 base pairs. The same amounts of 
sheared DNA were used for immunoprecipitation with antibodies against 
human C/EBPa (Cell Signaling), GR (Santa Cruz Biotechnology), and MR 
(Santa Cruz Biotechnology) or an equal amount of preimmune rabbit IgG 
(Millipore). The immunoprecipitate then was incubated with protein A agarose/ 
salmon sperm DNA (Millipore), and the antibody/protein/DNA/agarose com- 
plex was collected for subsequent reverse cross-linking. The same amount of 
sheared DNA without antibody precipitation was processed for reverse cross- 
linking and served as input control. DNA recovered from reverse cross-linking 
was used for qRT-PCR. The primers for qRT-PCR are illustrated in Table 1. 
DNA precipitated with antibody against acetylated histone 3 lysine 9 was used 
as a positive control. The amount of DNA precipitated was calculated from the 
threshold cycle number of the amplification curve of qRT-PCR. The percent- 
age of antibody-precipitated and preimmune IgG-precipitated DNA to input 
DNA was compared. 

Statistical analysis. All data are reported as mean ± SEM. Unpaired Stu- 
dent's t test or two-way ANOVA followed by the post hoc Student-Newman- 
Keuls test were performed when appropriate. Bivariate correlation analysis 
was performed to assess the correlation between the expression levels of the 
two genes concerned. Significance was set at P < 0.05. Statistical analyses 
were undertaken using SPSS software version 12.0. 



RESULTS 

Effect of MNR on fetal morphometries. Control moth- 
ers (fed ad libitum) gained 11.6 ± 1.8% of body weight 
during pregnancy, whereas MNR mothers lost 3.7 ± 2.8% 
of their prepregnancy weight (P < 0.05). Analysis by two- 
way ANOVA revealed that fetal liver weight and waist 
circumference were significantly decreased in fetuses of 
MNR mothers, but the fetal weight, length, hip circum- 
ference and waist-to-hip ratio of MNR fetuses were not 
significantly changed when sexes were combined (Table 
2). When sexes were separated, there were no statisti- 
cally significant differences in any the indices measured, 
but the reduction of body weight in the male MNR fetuses 
reached marginal significance (P = 0.07) (Table 2). These 
data indicate that MNR (70% of food intake) has a 
significant influence on the body weight gain in mother 
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but less influence on the fetus, and the male fetus is more 
likely than the female fetus to be affected by MNR in the 
mother. 

Fetal and maternal Cortisol and glucose levels. Circu- 
lating Cortisol concentrations in control mothers fed ad libi- 
tum were about twofold higher than in their offspring at 0.9 
gestation. Proportional significant increases in Cortisol were 
observed in both maternal and fetal plasma in MNR baboons, 
thereby maintaining a similar matemal-to-fetal circulating 
Cortisol gradient in control and MNR pregnancies (Fig. lA). 
Cortisol levels in the perirenal adipose tissue were increased 
significantly in fetuses of MNR mothers, but this increase was 
only statistically significant in female fetuses (Fig. IE). Cor- 
tisol level in the liver of fetuses of MNR mothers was also 
higher than that of the fetuses of the control mothers, but the 
difference did not reach statistical significance when sexes 
were combined or separated (Fig. 1(7). 

Plasma glucose level in control mothers fed ad libitum 
was significantly higher than that of their fetuses at 0.9 
gestation (Fig. ID). However, no difference was observed 
in glucose levels between control mothers fed ad libitum 
and MNR mothers or their offspring when sexes were ei- 
ther combined or separated (Fig. ID). 
Expression of lip-HSDl, H6PD, GR, and MR in the 
fetal liver and perirenal adipose tissues. There were 
no signiflcant differences in llp-HSDl, H6PD, GR, and MR 
mRNA levels between sexes of the control group either in 



the liver or adipose tissue. lip-HSDl and H6PD mRNA and 
protein were increased signiflcantly in MNR female fetal 
perirenal adipose tissue but not in MNR male tissue (Fig. 
2A and B). In contrast, fetal liver llp-HSDl and H6PD 
mRNA and protein levels were increased signiflcantly only 
in the MNR male fetuses and not in MNR female fetuses 
(Fig. 2C and D). A similar pattern of changes in GR and MR 
mRNA also was observed in MNR female fetal perirenal 
adipose and MNR male fetal liver (Fig. 3^4 and C). Western 
blotting showed that the splice variant MR (MRA5,6), 
lacking exons 5 and 6 rather than the full-length MR, pre- 
dominated in both fetal liver and adipose tissues. In addi- 
tion to the splice variant form of MR, the full-length MR 
was detected in the fetal liver tissue but not in the adipose 
tissue. Variable levels of GR protein were observed in the 
control and MNR groups at either tissue site, but the 
MRA5,6 and full-length MR proteins were increased sig- 
niflcantly in MNR female fetal adipose tissue and male 
fetal liver tissue, respectively (Fig. 3B and D). 
Expression of C/EBP in the fetal liver and perirenal 
adipose tissues. There were no signiflcant differences in 
C/EBPa, -(3, and -8 mRNA levels between sexes of the 
control group in either liver or adipose tissue (Fig. 4). 
C/EBPa, -(3, and -8 mRNA and protein were increased in 
MNR female fetal perirenal adipose tissue but not in MNR 
male fetuses. In contrast, signiflcant increases of C/EBPa, 
-(3, and -8 mRNA or protein were observed in MNR male 
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FIG. 1. Cortisol and glucose levels in maternal and fetal plasma and Cortisol levels in the fetal liver and adipose tissues of control (CTR) and MNR 
baboons at 0.9 gestation. A: Cortisol levels in maternal and fetal plasma of control and MNR baboons. B: Local Cortisol levels in fetal perirenal 
adipose tissue of control and MNR baboons. C: Local Cortisol levels in fetal liver tissue of control and MNR baboons. CTR groups uiA-C included 5 
male and 5 or 6 female baboons; MNR groups included 4-6 male and 4-7 female baboons. D: Glucose levels in maternal and fetal plasma of CTR 
baboons (male, n = 3; female, n = 4) and MNR baboons (male, n = 3; female, n = 3). *P < 0.05, **P < 0.01, vs. respective controls. 
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FIG. 2. lip-HSDl and H6PD mRNA and protein levels in fetal perirenal adipose and liver tissues of control (CTR) and MNR baboons at 0.9 
gestation. lip-HSDl and H6PD mRNA levels in fetal perirenal adipose (A) and liver (C) tissues and lip-HSDl and H6PD protein levels in fetal 
perirenal adipose (^) and liver (D) tissues. Top and bottom panels of each figure are images of Western blots and the mean protein levels, re- 
spectively. CTR groups included 5 male and 5 or 6 female baboons; MNR groups included 4-6 male and 4-7 female baboons. *P < 0.05, **P < 0.01, 
vs. male CTR; #P < 0.05, ##P < 0.01, vs. female CTR. 



but not female fetal liver (Fig. 4A-D). Thus, these sexually 
dimorphic, MNR-induced changes followed the same pat- 
tern of changes of lip-HSDl and H6PD in the fetal peri- 
renal adipose and liver tissues described above. 
Expression of PEPCKl and PPAR7 in the fetal Uver 
and perirenal adipose tissues. There were no significant 
differences in PEPCKl and PPAR7 mRNA levels between 
sexes of the control group in either liver or adipose tissue. 
PPAR7 mRNA and protein were increased significantly 
only in MNR female fetal perirenal adipose tissue, not in 
male MNR fetuses (Fig. 5A and B). MNR-induced changes 
in PEPCKl mRNA and protein in fetal liver tissue were 
observed only in MNR male fetuses, not female fetuses 
(Fig. 5C and D). This increased expression of PEPCK in 
the fetal liver, due to an increased gluconeogenetic re- 
sponse to the MNR insult at this stage, may account for the 
unchanged fetal plasma glucose level. 



Correlation analysis of expression levels of the genes 
involved in Cortisol regeneration and glucocorticoid- 
target genes in the fetal liver and perirenal adipose 
tissues. Chip assay revealed that there were significantly 
more lip-HSDl promoter DNA fragments precipitated by 
the C/EBPa, GR, and acetylated H3K9 antibodies than by 
the preimmune IgG in the liver tissue and by the GR, MR, 
and acetylated H3K9 antibodies in the adipose tissue (Fig. 
6). The amount of lip-HSDl promoter DNA fragments 
precipitated by MR antibody and C/EBPa antibodies also 
reached marginal statistical significance in the liver (P = 
0.07) and adipose tissue (P = 0.05), respectively. Consis- 
tent with the Chip data, bivariate correlation analysis 
revealed that the expression level of llp-HSDl in both 
adipose and liver tissue was significantly correlated with 
C/EBPa, GR, and MR at either the mRNA or protein level 
(Table 3). In addition, the expression level of lip-HSDl 
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was also significantly correlated with C/EBP|3 and -8, 
H6PD, PPAR7, and PEPCKl at either the mRNA or protein 
level in both adipose and liver tissue (Table 3). 



DISCUSSION 

Epidemiologic studies provide compelling evidence for an 
association between low birth weight and obesity, ische- 
mic heart disease, and type 2 diabetes in later life (35,36). 
The effect of MNR on birth weight and subsequent disease 
during adulthood is well demonstrated in studies of ex- 
posure to famine, most notably the Dutch Hunger Winter 
(36). This developmental programming of adult disease by 
MNR has been supported extensively by studies of a vari- 
ety of animal models (37). However, the molecular 
mechanism underlying the developmental programming of 
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disease may differ between sexes. Maternal malnutrition 
during early but not mid and late gestation is associated 
with higher BMI and waist circumference later in life only 
in female (not male) offspring at 50 years of age (36), 
whereas MNR seems to affect the vascular and nephronic 
function mainly in male offspring, leading to the de- 
velopment of hypertension in adulthood (38,39). Although 
metabolic syndrome may manifest in offspring of both 
sexes exposed to MNR, glucose intolerance in male off- 
spring has been ascribed to insulin resistance, whereas, in 
female offspring, glucose intolerance is reported to be due to 
insulin deficiency, further suggesting possible sex-specific 
mechanisms (40). These observations suggest that a dis- 
turbance of endocrine regulatory systems established 
during early gestation may contribute to sexually di- 
morphic development of metabolic syndrome in later life. 
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Among the endocrine disturbances, a chronic increase in 
either systemic or local glucocorticoids in the metabolic 
tissues is well recognized to play a central role in the de- 
velopment of metabolic syndrome (8). In situations of in- 
creased demand for glucocorticoid actions, glucocorticoids 
seem to have evolved to mobilize stored peripheral energy, 
directing it to central depots that serve the substrate needs 
of life-saving hepatic gluconeogenesis. However, excessive 
glucocorticoid activity is considered a major cause of 
metabolic syndrome (8,14,41). Increased expression of llp- 
HSDl in the liver and adipose tissues has been demon- 
strated in a number of animal models of developmental 
programming (9,22,23,42). In this study we demonstrated, 
for the first time, increased expression of lip-HSDl in the 
fetal liver and perirenal adipose tissues in a sex-specific 
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manner in a primate model of MNR. Baboons share more 
than 96% genomic homology with human and thus are an 
excellent model for translation to the human situation with 
regard to developmental programming. Consistent with the 
sex-specific changes in the expression of llp-HSDl in the 
liver and adipose tissues, we also observed sexually di- 
morphic changes of H6PD, the enzyme that provides NADPH 
for the reductase activity of llp-HSDl (27). The role of 
H6PD in lip-HSDl activity is well demonstrated by a study 
showing H6PD knock-out mice lack lip-HSDl-mediated 
generation of glucocorticoids (27). The finding of parallel 
increases of H6PD and llp-HSDl in the male fetal liver and 
the female fetal perirenal adipose tissue suggest that this 
parallel up-regulation of H6PD may be a fundamental feature 
in the increase in reductase activity of lip-HSDl. 
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Sequence analysis of the lip-HSDl gene promoter reveals 
multiple C/EBP and GR binding sites (25). The C/EBP family 
and GR have been demonstrated to regulate basal and in- 
duced expression of 11|3-HSD1 in a number of studies 
(25,26,43,44). In this study, C/EBPa and GR were found 
bound to the lip-HSDl gene promoter in baboon liver and 
adipose tissue, suggesting the transcriptional expression of 
lip-HSDl may also be under the regulation of C/EBPa and 
GR in baboons. 

C/EBPs are transcription factors that are enriched by liver 
and adipose tissue and control numerous genes involved in 
energy metabolism and adipocyte differentiation. Knocking 
out or attenuating the genes expressing C/EBPa, -(3, and -8 
causes hypoglycemia and blocks adipocyte differentiation 
and lipid accumulation, suggesting a crucial role for these 
C/EBPs in energy metabolism, adipocyte differentiation, and 
obesity (45,46). Thus the findings of increased expression 
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of C/EBP in the liver and perirenal adipose tissues may ac- 
count not only for the increased llp-HSDl in these tissues 
but also for the disturbance in energy metabolism in the liver 
of male offspring and exaggerated adipocyte differentiation 
in female offspring programmed by MNR. 

In addition to GR, we also observed a sexually di- 
morphic change of MR in the liver and adipose tissues in 
the offspring of MNR mothers. MR is suggested to mediate 
some of the specific actions or regulate the actions of 
glucocorticoids via either homodimerization or hetero- 
dimerization with GR (28,47) and contribute significantly 
to glucocorticoid-induced adipogenesis (28). The sexually 
dimorphic changes of MR may thus play an important role 
in the developmental programming of metabolic syndrome 
by glucocorticoids. Of interest, we found the splice variant 
MRA5,6, which lacks the ligand binding domain (47), pre- 
dominated in both liver and adipose tissues. At this time 
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we have no explanation for the dominant expression of 
MRA5,6 in these tissues of the baboon. 

Expression of PEPCKl and PPAR7 was increased in the 
hver of male offspring and in the perirenal adipose tis- 
sue of the female offspring, respectively. Because both 
PEPCKl and PPAR7 are important glucocorticoid target 
proteins in liver and adipose tissues (29,30), the increased 
expression of PEPCKl and PPAR7 may be the conse- 
quence of increased regeneration of Cortisol by lip-HSDl 
in these tissues or increased circulating Cortisol in the 
fetal blood. We found that MNR significantly increased 
the Cortisol level in both fetal and maternal circulation 
as well as the local level of Cortisol in the perirenal ad- 
ipose tissue of female fetuses, although the increase in 
Cortisol level in the male MNR fetal liver tissue did not 
reach significance. Because the expression of llp-HSDl 
is induced in a feed-forward manner by glucocorticoids 
via GR and C/EBPs (26,43), we postulate that increased 
circulating Cortisol resulting from MNR induces the ex- 
pression of lip-HSDl in the major metabolic tissues, 
including the liver and adipose tissues, thus forming 
a feed-forward cycle in terms of Cortisol regeneration 
and the expression of glucocorticoid-target genes involved 
in energy metabolism and adipocyte differentiation. This 
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positive feedback cycle could be detrimental by exposing 
the fetus to glucocorticoid levels higher than are appropri- 
ate for the current stage of maturation, thereby predispos- 
ing the fetus to the development of hyperglycemia, insulin 
resistance, and obesity in later life. 

Epigenetic modulation of these genes — particularly 
PEPCKl, H6PD, GR, and C/EBPs that carry multiple CpG 
islands in their promoters — by excessive Cortisol may also 
provide a mechanism for their increased expression in 
later life (4,32,48); glucocorticoid-induced gene demethy- 
lation has been shown to contribute to establishing a 
"memory" or "marker" of the developmental nutritional 
challenge (49,50). 

Conclusions. We have demonstrated that moderately re- 
duced nutrient availability during pregnancy increased 
circulating Cortisol levels in the fetus. This increased Corti- 
sol level potentially triggers a cycle of positive feed-forward 
induction of llp-HSDl via C/EBPs, GR, and MR in a sex- 
specific manner. The parallel increase of H6PD would 
ensure an enhanced reductase activity of lip-HSDl, thus 
increasing the local Cortisol level, with subsequent in- 
creased expression of glucocorticoid-target genes PEPCKl 
and PPAR7 in major metabolic tissues such as liver 
and adipose tissues. These findings may explain sexual 
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TABLE 3 

Bivariate correlation analyses of the correlation of llp-HSDl 
with H6PD, C/EBPa/-p/-8, GR, MR, and PEPCKl or PPAR7 
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dimorphism in programming of the susceptibility to met- 
abolic syndrome. 
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